The bioavailability and action of teas on the invasion of a rat ascites hepatoma cell line, AH109A, were determined and their modes of action were by co-culturing the cancer cells with a rat mesentery-derived mesothelial-cell (Mcell) monolayer in the presence of sera from rats orally given teas and their component, (-)-epigallocatechin gallate (EGCG). The rat sera obtained 2 and 5 hr after oral intubation of a low concentration of green, oolong, or black tea, or EGCG significantly inhibited AH109A invasion underneath the M-cell monolayer. These sera showed a time-dependent and significant inhibitory effect on the AH109A invasion. The 2-hr sera and 2.5 µM EDTA in the medium completely eliminated the enhancement of AH109A invasion induced by a reactive oxygen species (ROS)-generating system. These results show that the inhibition of relevant ROS-potentiated invasion of AH109A cells across the M-cell monolayer may be due to the antioxidative action of EGCG, the in vivo metabolites, and tea-induced changes in the endogenous substances. The results suggest that the drinking of tea in daily life may have certain preventive and therapeutic effects against cancer cell invasion.
Introduction
The metastatic capacity of cancer cells is one of the critical factors affecting the survival of cancer patients. Invasion across the host cell layers and extracellular matrix are the most characteristic and key steps in the metastatic cascade (Nicolson et al., 1989; Fidler, 1991; Liotta et al., 1991; Al-Mehdi et al., 2000) . Clearly, an agent which could efficiently inhibit the invasion of cancer cells would be a hopeful candidate to suppress cancer metastasis. Epidemiological and experimental studies have suggested the potential of teas in the prevention of some cancers (Taniguchi et al., 1992; Hirose et al., 1993; Nishida et al., 1994; Sazuka et al., 1995; Blot et al., 1996; Katiyar and Mukhter, 1996; Okabe et al., 1997) . We have previously demonstrated that higher concentrations of tea extracts and tea polyphenolic compounds inhibit the proliferation and invasion of a rat ascites hepatoma cell line, AH109A cells (Miura et al., 1997; Zhang et al., 1999) . However, whether drinking tea in our daily life really has certain preventive and therapeutic effects against the invasion of tumor cells is unclear. The mechanisms of the inhibition of invasion of cancer cells by the sera from tea-or (-)-epigallocatechin gallate (EGCG)-treated rats remain unknown. To answer these questions, we employed in this study ex vivo models of the invasion of rat hepatoma cells across the rat mesothelial cell (M-cell) monolayer in the coculture, and systematically investigated the effects and mechanisms of action of the sera from rats treated with a low concentration of tea and EGCG against the invasion of these cells.
Materials and methods

Preparation of sera from PGT-, POT-, PBT-and EGCG-treated rats
Two grams of powdered green tea (PGT), powdered oolong tea (POT) and powdered black tea (PBT) (Yamato Tea Co., Ltd., Nara, Japan) were respectively extracted by 100 ml of boiling water for 3 min.(-)-epigallocatechin gallate (EGCG) (>95% pure, Sigma Chemical Co. St. Louis, MO, U.S.A.) was dissolved in water at a concentration of 4 mg ml −1 . Each solution of PGT, POT, PBT, and EGCG was, respectively, intubated at 1 ml 100 g −1 body weight to 5-week-old male Donryu rats (NRC Haruna, Gunma, Japan). This treatment is respectively equivalent to drinking about 2-3 cups of green, oolong, or black tea, and 2-fold EGCG in 2-3 cups of green tea liquor in daily life (Lee et al., 1995; Yang et al., 1996 Yang et al., , 1998 . Before oral intubation of each tea solution, these rats were deprived of their diet but allowed free access to water for 16 hr. Blood was collected at 2 and 5 hr after oral intubation. The sera were prepared by centrifugation and sterilized by filtration for ex vivo invasion assays.
Stock culture of AH109A hepatoma cells
A rat ascites hepatoma cell line, AH109A was provided by the Cell Resource Center for Biomedical Research, Tohoku University, Sendai, Japan. AH109A cells were maintained in the peritoneal cavities of the male Donryu rat, prepared from accumulated ascites and cultured in vitro in Eagle's minimum essential medium (MEM, Nissui Pharmaceutical Co., Ltd., Tokyo, Japan) containing 10% calf serum (CS, JRH, Lenexa, KS, U.S.A.) for up to 2 months. These isolated AH109A cells were cultured for at least one week to eliminate macrophages and neutrophils and then used for the assays.
Ex vivo invasion assay
The invasion assay was based on the method of Akedo et al. Horai et al., 1992 ) with slight modifications as described previously (Miura et Control ( al., 1997; Zhang et al., 1999) . Briefly, the M-cells were isolated from the male Donryu rat mesentery. After digestion by trypsin, 1.2 × 10 5 cells were plated in a 60 mm culture dish (Nalge Nunc International Co., Tokyo) with 2 mm grids. After M-cells had been cultured in MEM with 10% CS to a confluent state in 7-10 days, 2.4 × 10 5 AH109A cells were seeded on the M-cell monolayer in MEM in the presence of 10% rat sera (RS) obtained 2 or 5 hr after oral intubation of PGT, POT, PBT, or EGCG. The method of preparing the sera was mentioned above. After being co-cultured for 48-hr or 12, 24, 36, and 48 hr, respectively, the invaded AH109A cells and colonies were counted under a phase contrast microscope. At least 10 areas were counted and the invasive activity of the cells was indicated by the number of invaded cells and colonies cm −2 .
Pretreatment of AH109A cells with hypoxanthine and xanthine oxidase
AH109A cells were cultured for 1 hr in the absence or presence of 2.5 µM EDTA (Sigma, MO, U.S.A.) in MEM containing 10% RS, the 10% RS obtained 2 hr after oral intubation of PGT, POT, PBT, or EGCG, and 2.4 µg ml −1 of hypoxanthine (HX, Sigma, U.S.A.) with 6.9 × 10 −4 U ml −1 of xanthine oxidase (XO, Sigma, MO, U.S.A.) Tanaka et al., 1997; Kozuki et al., 2000; Zhang et al., 2000) . Then the treated AH109A cells were washed with MEM and seeded on the M-cell monolayer in MEM containing 10% RS without tea samples. After co-culturing for 24 hr, the invasive capacities were assessed as described above.
Statistical analysis
Data were expressed as means ± standard errors of ten areas. Multigroup comparisons were conducted by a one-way analysis of variance (ANOVA) followed by Tukey-Kramer multiple comparisons test. Figure 1 shows, respectively, the confluent M-cell monolayer (A), growing AH109A cells (B), AH109A cells invading beneath the cultured M-cell monolayer (C) and the inhibition of AH109A invasion by sera from PGT-, POT-, or PBT-treated rats (D, E, and F, respectively). The control AH109A cells invaded abundantly and time-dependently underneath the Mcell monolayer. As shown in Figure 2 , compared with the control, the sera obtained 2 hr after oral intubation of the low concentration of PGT, POT, or PBT could significantly and time-dependently suppress AH109A invasion across this monolayer. The inhibitory rate was about 52-55%, 43-52%, 36-47%, and 39-40%, respectively, at 12, 24, 36, and 48 hr after being co-cultured. In another experiment (Table 1) , the sera obtained 2 and 5 hr after oral intubation of PGT, POT, PBT, or EGCG also significantly inhibited AH109A invasion. The 2-hr sera showed much stronger inhibition than 5-hr sera from PGT-, POT-, or PBT-treated rats, but there was no significant difference between the 2-and 5-hr sera from EGCG-treated Figure 3 . Inhibitory effects of EDTA and the sera from PGT-, POT-, PBT-, or EGCG-treated rats against ROS-potentiated AH109A invasion across the M-cell monolayer. Each rat serum was obtained 2 hr after oral intubation of a low concentration of PGT, POT, PBT, or EGCG. AH109A cells were cultured for 1 hr in the absence or presence of 2.5 µM of EDTA or these rat sera, and 2.4 µg ml −1 hypoxanthine with 6.9 × 10 −4 U ml −1 of xanthine oxidase. The treated AH109A cells were then seeded on the M-cell monolayer. The effects of these rat sera on invasion of AH109A cells underneath the cultured M-cell monolayer were examined as described in the section 'Materials and Methods'. Each value and bar represents the mean and SEM of 10 areas. Values not sharing a common letter a or b are significantly different at P < 0.05 by Tukey-Kramer multiple comparisons test. This figure represents 3 similar experiments.
Results
Inhibition of AH109A invasion by sera from PGT-, POT-, PBT-, or EGCG-treated rats
rats, or between the 2-hr EGCG sera and 5-hr PGT, POT, or PBT sera.
Inhibition of ROS-potentiated AH109A invasion by EDTA and sera from PGT-, POT-, PBT-, or EGCG-treated rats
To understand the mechanism of the inhibition of AH109A invasion by the sera from these low concentration tea-treated rats, we examined the effects of reactive oxygen species (ROS) on AH109A invasion across the M-cell monolayer. As shown in Figure 3 , 1 hr pretreatment of AH109A cells with HX-XO producing ROS increased significantly the invasion by 39% over the control group without such pretreatment, when AH109A proliferation was not significantly affected by the pretreatment with EDTA, these sera or HX-XO (data not shown). EDTA (2.5 µM) in MEM containing 10% RS and the sera obtained 2 hr after oral intubation of PGT, POT, PBT, or EGCG suppressed completely to the basal value the enhancement of AH109A invasion induced by the HX-XO pretreatment (Figure 3 ).
Discussion
Our present results confirmed that the sera obtained after intubation of a low concentration of PGT, POT, PBT, or EGCG could completely eliminate the enhancement of AH109A invasion caused by exogenous ROS produced from the HX-XO system (Figure 3) . Even in the absence of a ROS-generating system, these sera also suppressed significantly the spontaneous AH109A invasion within 48 hr in a time-dependent manner (Figures 1 and 2 , and Table 1) . Compared with rats, the absorption of tea components including catechins is more efficient in humans (Yang et al., 1996) . These findings mean that drinking tea might have a certain inhibitory effect against the invasion of cancer cells. EGCG, the in vivo metabolites, and tea-induced changes in the endogenous substances may produce these anticancer activities. Indeed, EGCG has been detected in rat and human plasmas after the drinking of decaffeinated tea (Lee et al., 1995; Yang et al., 1998) . The 2-hr EGCG sera showed weaker inhibition than 2-hr PGT, POT, and PBT sera against AH109A invasion (Table 1 ). This suggests that not only the one component, EGCG, but other tea components may also possess certain anticancer activities. Another tea component (-)-epicatechin has displayed the synergistic inhibitory effects with EGCG against both spontaneous and exogenous ROS-potentiated AH109A invasion underneath the M-cell monolayer (Zhang et al., 2000) . The HX-XO solution generates both superoxide anion (·O − 2 ) and hydrogen peroxide (H 2 O 2 ), and finally hydroxyl radical (·OH − ) via the Fenton reaction if trace amounts of transition metal ions are present (Thomas et al., 1993) . EDTA in MEM containing 10% RS inhibits the enhancement of AH109A invasion, possibly by chelating the transition metal ions and thus preventing the formation of ·OH − (Sandstrom et al., 1997; Kachur et al., 1998) . Since EGCG possesses the chelating ability (Guo et al., 1996) , EGCG and certain tea components in the sera from tea-treated rats also may suppress the enhancement of AH109A invasion, possibly by preventing the formation of ·OH − as EDTA did. The present study further confirms our previous results that EDTA in MEM containing 10% calf serum suppressed the increase of invasion of AH109A in the HX-XO system (Zhang et al., 2000) . Our previous in vitro study demonstrated that 10 µM of EGCG or theaflavins inhibited the ·OH − -and ROSpotentiated AH109A invasion in the HX-XO system as the chelator EDTA did by restraining ·OH − and ROS effects (Zhang et al., 2000) . Tumor cells can produce a large amount of ROS, which is thought to be involved in cancer invasion and metastasis (Szatrowski and Nathan, 1990) . The ·O − 2 and H 2 O 2 may promote AH109A invasion and also be scavenged by the sera from the PGT-, POT-, PBT-, or EGCG-treated rats. As an antioxidant, tea has the ability to scavenge not only ·OH − , but also ·O − 2 and H 2 O 2 . This ROS-scavenging activity may be another explanation for the suppressive actions of tea-or EGCG-treated rat sera. Indeed, the sera from PGT-, POT-, PBT-, or EGCG-treated rats have suppressed the spontaneous invasion of AH109A cells (Figures 1 and 2 , and Table 1 ). It is reported that diets rich in linoleic acid stimulate the metastasis of human breast cancer cells. This omega-6-fatty acid is metabolized to various lipoxygenase and cyclooxygenase products, several of which are associated with tumor cell invasion and metastasis (Liu et al., 1996) . Green tea polyphenols inhibited 12-O-tetradecanoyl-phorbol-13-acetateinduced epidermal lipoxygenase and cycloxygenase in mice (Katiyar et al., 1992) . It is also likely that the polyphenolic components in these sera from the tea-treated rats might suppress the lipoxygenase and cycloxygenase and thus the AH109A invasion underneath the M-cell monolayer. Actually, EGCG and green tea have shown inhibitory effects against lung metastasis of mouse B16 melanoma cells (Taniguchi et al., 1992) and mouse Lewis lung carcinoma cells (Sazuka et al., 1995) , respectively. However, whether the antioxidative activity of EGCG and green tea is the major mechanism of in vivo inhibition of invasion and metastasis of cancer cells requires further confirmation.
